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Generalized polarizationAssessment of the equilibration kinetics of Patman at the edges of its emission spectra provided additional
insights about membrane properties beyond those obtained from end-point ﬂuorescence measurements.
Upon introduction of the probe to aqueous suspensions of liposomes, the emission intensity slowly increased
about 10-fold (t½=~100 s). The rate of equilibration depended on emission wavelength, and was usually
faster at 500 than at 435 nm. However, this trend was reversed for equilibration with lipids at their phase
transition temperature. The apparent rotational motion of the dye also differed between the long and short
emission wavelengths but did not display the slow equilibration time dependence observed with intensity
measurements. These results suggested that slow equilibration reﬂects relaxation of the immediate mem-
brane microenvironment around the probe rather than slow insertion into the membrane. The data were
rationalized with a model that allows two membrane/probe conﬁgurations with distinct microenviron-
ments. The analysis suggests that by monitoring the equilibration pattern of Patman, inferences can be
made regarding the polarity of two microenvironments occupied by the probe, the distribution of the
probe among those microenvironments, and the kinetics with which they relax to equilibrium.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Derivatives of 2-(alkylamino)-6-acyl-naphthalene including Prodan,
Laurdan, and Patman can be used to study the structure and dynamics
of biological membranes. These dyes differ in their alkyl and acyl sub-
stituents resulting in localization to different positions in the headgroup
region of the bilayer [1]. Prodan is the smallest of these probes (3-carbon
acyl chain), whereas Laurdan and Patman are modiﬁed with longer tails
to better anchor them to a speciﬁc location in the membrane [1,2].
Patman's tail is based on the 16-carbon palmitic acid. In addition, Patman
has a trimethylammonium group as one of the alkyl substituents on the
tertiary amine [3]. These structural characteristics appear to conﬁne its
location within the membrane to a narrower vertical range compared to
Prodan and Laurdan [1,4].
The utility of these probes for membrane studies depends on the
strong solvatochromatic shift in the emission spectrum (about 60 nm)
when the membrane transitions from solid-ordered to liquid-
disordered phases [3,5,6]. This shift appears to involve both general
and speciﬁc solvent effects [7–10]. Although it is generally agreed
that the solvatochromatism represents an increase in the number
and mobility of water molecules in disordered and ﬂuid membranes,
numerous reports have raised questions about the interpretation ofg University, Provo, UT 84602,
rights reserved.these spectral changes and have provided evidence that the informa-
tion reported by the probes may be more complex than previously
thought [8–11]. Consequently, a need for a more detailed interpreta-
tion of spectral changes during experimental perturbations has been
recognized [11].
A speciﬁc advantage of Patman is that it can be used for studies fo-
cused on the plasma membrane of living cells in real time [12–14].
Apparently, the positive charge of the probe's head restricts its sub-
cellular distribution to the plasma membrane [12,14]. During prelim-
inary studies in our laboratory exploring Patman to detect membrane
properties during cellular apoptosis, we noticed that the intensity of
emitted light at two ends of the emission spectrum (435 and
500 nm) stabilized at different rates after the dye was added to cell
samples. Moreover, the pattern appeared to change during apoptosis
(see accompanying paper, Ref. [13]). It occurred to us that informa-
tion might be extracted from the equilibration kinetics that would
provide greater detail about the membrane microenvironment than
available from steady-state observations. We therefore embarked on
the study reported in this paper to identify the nature of these kinetic
phenomena in a simple artiﬁcial system. By measuring the time pro-
ﬁles of Patman intensity below, at, and above the main phase transi-
tion temperature for various phosphatidylcholines, we determined
the effects of lipid biophysics on probe dynamics. This provided a
simple framework for making inferences that could be applied to
biological studies. In the accompanying paper [13], we use this
approach with a cellular system.
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2.1. Formation of vesicles
2.1.1. Multilamellar vesicles
All lipids were purchased from Avanti Polar Lipids (Birmingham,
AL). Multilamellar vesicles (MLV) were made using various phospha-
tidylcholines to create both pure (1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC)) or mixed (DMPC and DSPC,
POPC and DPPC, or DOPC and DPPC) lipid systems. Samples (0.1 μmol
total lipid dissolved in chloroform) were dried under a N2 gas stream
and then under high vacuum overnight. Dried samples were suspended
in 2 mLof citrate buffer (20 mMsodiumcitrate/citric acid, 150 mMKCl,
pH 7) and incubated 1 h in a shaking water bath at≥50 °C (or≥60 °C
for all samples containing DSPC) with intermittent vortex mixing at
10-min intervals. The average size of the MLV, as determined by light
scatter, was 1070 nm (half width=520 nm; polydispersity=0.26).
Vesicles containing saturated lipids were stored in a covered container
at room temperature and suspended by vortex mixing immediately
before use to ensure uniform distribution within the 2 mL sample
volume. Those with unsaturated lipids were used immediately to
minimize oxidation.
2.1.2. Large unilamellar vesicles
Large unilamellar vesicles (LUV) were created for both the pure and
mixedmembrane systems of the saturated lipids.Multilamellar vesicles
were prepared as described above and extruded six to ten times
through a 100 nm polycarbonate ﬁlter under pressurized N2 at
T≥50 °C for DMPC and DPPC vesicles or T≥60 °C for vesicles
containing DSPC [15]. The average size of LUV was 128 nm (half
width=36 nm; polydispersity=0.08). Vesicles were stored and
suspended in the same manner as MLV.
2.2. Time courses of probe ﬂuorescence
Data were gathered on a photon-counting spectroﬂuorometer
(Horiba Jobin-Yvon). Samples (50 μM lipid) were incubated for
10 min at a given temperature between 18 and 60 °C to ensure equil-
ibration of each sample before data collection. Data acquisition was
then initiated to gather background light intensity (excitation=
350 nm; emission=435 and 500 nm) for at least 100 s. Patman or
Laurdan (Molecular Probes, now Life Technologies, Grand Island,
NY, suspended in dimethylsulfoxide, 250 nM ﬁnal) were then
added, and data were collected at the same wavelengths for another
900 s. In separate experiments, emission spectra of Patman pre-
equilibrated with the vesicles were also collected across the same
temperature range.
The ﬂuorescence intensity (I) at each wavelength (435 and
500 nm) as a function of time was ﬁt by nonlinear regression to a
generic double exponential equation:
I ¼ A 1−e−bt
 
þ C 1−e−dt
 
þ F ð1Þ
where A and C are arbitrary scalars, b and d are arbitrary rate con-
stants, and F is the intercept. For calculation of the sum of differences
(Sdiff), the curves generated from these regressions were normalized
by subtracting F and dividing by the ﬂuorescence intensity observed
at the maximum for each wavelength. The sum was then obtained
using these normalized values (N435, N500) for each time point
between 0 and tnorm, the time at which the latest maximum was
achieved:
Sdiff ¼
Xtnorm
t¼0
N435−N500ð Þ ð2ÞThis method allowed differences in equilibration rate between
wavelengths to be assessed independent of an analysis model. An
important consideration is the fact that the data at long time points,
especially at higher temperatures become affected by very slow irrel-
evant baseline phenomena such as photobleaching and probe adsorp-
tion to cuvette walls. To verify that such baselines were not creating
artifactual inﬂuences on the results, we repeated the analysis of Sdiff
data using an early time point (400 s) that is much less impacted by
these baselines as the value for tnorm. The results with this truncated
analysis were qualitatively identical to those presented below and
correlated well quantitatively (r=0.71, pb0.0001) suggesting that
the analysis is robust with respect to baseline concerns.
The value of generalized polarization (GP) was calculated for both
Patman and Laurdan according to the following equation
GP ¼ I435−I500
I435 þ I500
ð3Þ
where I435 and I500 are the emission intensities measured at 435 and
500 nm.
2.3 . Steady‐state anisotropy measurements
Patman steady-state anisotropy was measured using a photon-
counting spectroﬂuorometer equippedwithGlan–Thompsonpolarizers
(ISS, Champaign, Il). Samples were incubated for 10 min at various
temperatures between 25 and 46 °C. After a briefmeasurement of back-
ground ﬂuorescence (≥100 s), Patman (250 nM ﬁnal) was added to
the sample, and ﬂuorescence intensity was measured during the next
800 s at 435 or 500 nm (excitation=350 nm) with polarizer orienta-
tions exchanging between horizontal and vertical conﬁgurations
(turn-around time=14 s). Alternatively, measurements were made
after a 15-min probe equilibration at various emission wavelengths
between 420 and 520 nm. Steady-state anisotropy (r) was calculated
using the standard equation
r ¼ I==−GI⊥
I== þ 2GI⊥
ð4Þ
where I// and I⊥ are the ﬂuorescence intensities with the excitation and
emission polarizers oriented parallel and perpendicular to each other
and G is a correction factor for differential sensitivity of the emission
monochromator and detector at the two polarizer orientations. It was
obtained by calculating the ratio of the intensity of light detected with
the excitation polarizer oriented horizontally and the emission oriented
vertically and horizontally.
The maximal effect of ﬂuorescence lifetimes on the wavelength
dependence of steady-state anisotropy was estimated using pre-
exponentials (αi) and lifetime values (τi) for gel and liquid-
crystalline phase DPPC as a function of Patman emission wavelength
from Table 1 of Ref. [16]. Since the lifetime data in that publication
included three decay processes, the average lifetime (τave) was calcu-
lated for each emission wavelength as follows
τave ¼
∫t0t∑αie
−t=τi dt
∫t0∑αie
−t=τi dt
ð5Þ
where αi and τi are the pre-exponentials and corresponding lifetimes
for each ﬂuorescence decay process observed. To estimate the
steady-state anisotropy that would be expected if all the wavelength
dependence were due to differences in probe lifetime, the apparent
rotational diffusion constant (D) was ﬁrst calculated from the anisot-
ropy data and τave at 420 nm using the Perrin equation:
D ¼
r0
r −1
 
6τave
ð6Þ
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r at each emission wavelength were then obtained with Eq. (6) and the
corresponding τave. The limiting value of anisotropy (r0) was assumed
to equal 0.35 for all of these calculations, based on the maximal value
for anisotropy of these probes reported experimentally [3]. Since the
highest theoretical value for r0 is 0.4, the error introduced by this
assumption is small, a maximal error of 0.005 anisotropy units in the
estimates of r from Eq. (6).
3. Results
Fig. 1A displays the average time course of equilibration of Patman
ﬂuorescence intensity at 435 (blue) and 500 nm (green) in vesicles
composed of pure DPPC in the gel phase (18 °C). Panels B and C illus-
trate the equilibration of the probe in vesicles at the phase transition
temperature and in the liquid-crystalline phase. Similar to a previous
report, the halftime for equilibration was in the range of ~50–80 s
[17]. As emphasized by normalizing the intensity time courses
(Panels D–F), the rate of equilibration was not the same at the two
emission wavelengths; equilibration was more rapid at 500 nm in
the solid and liquid phases; although the opposite was true at the
phase transition. The initial rate of change of GP values (black curves,
Panels A–C) was greater than that of the intensity (3- to 30-fold,
depending on the experimental temperature). These data alsoFig. 1. Time proﬁles of Patman equilibrationwithmembranes of saturated phosphatidylcholines
18 °C (A, D), 41.5 °C (B, E), or 60 °C (C, F). Data represent ﬂuorescence intensity (blue=435 n
re-plotted with the intensities at each wavelength normalized to their ownmaximum as expla
Panels A–C at the indicated temperatures for DSPC (G) andDMPC (H). (I) The sumof differences
multiple trials with DPPC, DMPC, and DSPC and aggregated for temperatures below (“Gel”), at
gray) and Laurdan (dark gray). The “Tm” group contained data at both 24 and 30 °C for DMPC (
variance (pb0.0001) with the average of the “Tm” group differing from the other two based on
The three Laurdan groups were not distinguishable (p=0.18, n=15–25 per group).revealed the expected lowering of GP in the ﬂuid phase and showed
a marked qualitative difference in the GP equilibration pattern at
the phase transition (rapid rise followed by slow decline, Panel B).
Panels G and H demonstrate that the different GP equilibration pat-
tern at the phase transition was also observed with DSPC but not
DMPC.
To quantify the varying equilibration patterns for the two wave-
lengths, the difference between the normalized values (Fig. 1D–F)
was calculated at each wavelength and the sum of these differences
for each time course as found (Eq. (2)). Fig. 1I displays these differ-
ences pooled for DPPC, DMPC, and DSPC in the gel and liquid-
crystalline phases and at the transition temperature (data for these
lipid types did not differ from each other; see analysis in next para-
graph). The sum of differences was negative for lipids uniformly in
the gel phase, indicating that the emission intensity of the shorter
wavelength (435 nm) required more time to stabilize than that of
the longer wavelength (500 nm). The sum was positive for saturated
lipids at the phase transition, and it was negative for lipids in a homo-
geneous liquid-crystalline phase. With DMPC, the positive sum was
also consistently observed at temperatures ranging from the phase
transition into the low-temperature end of the liquid-crystalline
phase (30 °C), a result that perhaps reﬂects the broader phase transi-
tions observed with shorter-chained lipids. When these experiments
were repeated with Laurdan at the same wavelengths, the rates of. (A–C) Patmanwas added at time 0 toMLVor LUV composed of DPPC. Temperatureswere
m; green=500 nm) or GP (black curves). (D–F) The intensity data from Panels A–C were
ined for Eq. (2). (G, H) GP values were calculated from time courses analogous to those of
betweennormalized intensity curves like those shown inPanelsD–Fwere calculated from
(“Tm”), and above (“Liquid”) the respective phase transitions for data with Patman (light
see text in Results). The three Patman groupswere distinguishable by one-way analysis of
a Bonferroni multiple comparison post-test (pb0.05 in both cases; n=26–44 per group).
Fig. 2. Normalized Patman emission spectra at temperatures below, at, and above the
main phase transition. Spectra were obtained after equilibration of Patman with MLV
(10 min). Spectra were obtained ﬁrst at 18 °C, then repeatedly after raising the tempera-
ture incrementally (5–10 °C outside range of DPPC phase transition and 1 °C between 38
and 45 °C) for 10 min at each increment, and then returning to 25 °C to verify reversibil-
ity. Spectra were normalized to the maximum observed intensity to facilitate visual
comparison of wavelength shifts. Temperatures for spectra in each panel were
(from left to right in increasingly darker shades of gray) 25, 40, 42, 50 °C. Vesicle lipid
compositions were 50% DOPC, 50% DPPC (A); 50% POPC, 50% DPPC (B); 100% DPPC (C).
Fig. 3. Emission wavelength dependence of steady-state anisotropy at temperatures
below, at, and above the main phase transition. Anisotropymeasurements were obtained
at the indicated wavelengths after equilibration of Patman with DPPC MLV (10 min). Ex-
periments were conducted at 25 (solid circles), 37 (open circles), 41.5 (solid triangles),
and 46 °C (open triangles). The data are the mean±SE for 5–6 replicates. The dotted
curves indicate the result that would have been predicted if the probes had free motion
and all wavelength dependence were due to differences in excited state lifetimes using
Eqs. (5) and (6). The gray shading indicates the estimated error in the calculation of the
dotted curves (see Materials and methods).
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served with Patman. Furthermore, the anomaly at the lipid melting
temperature with Patman did not occur with Laurdan (dark gray
bars, Fig. 1I).
These experiments and analyses were carried out for both MLV
and LUV. No distinctions could be made in the equilibration patterns
between these two vesicle types under any of the conditions tested—
i.e., the trends shown in Fig. 1I were the same for MLV and LUV.
Two-way analysis of variance comparing vesicle type and lipid type
identiﬁed conditions at which the ﬂuorescence intensities reached
their maximum sooner for the LUV: generally at temperatures
above the lipid phase transition and especially for Laurdan. No consis-
tent distinctions in the sum of differences among DMPC, DPPC, and
DSPC were detected in the analysis, thus justifying the pooling of
data in Fig. 1I.
One possible explanation for Patman's unique behavior at the
phase transition temperature is that this unusual equilibration pat-
tern might be a consequence of co-existing solid and liquid domains
in the membrane. For example, if Patman ﬂuoresced preferentially
at 435 nm when partitioned into one type of domain and also equili-
brated more rapidly into that domain, a positive value in the sum of
differences would be expected. We addressed this question by pre-
paring membranes of mixed-lipid compositions intended to exagger-
ate lateral membrane heterogeneity by creating discrete solid and
liquid domains. If the positive value for Patman at the transition tem-
perature in Fig. 1I were due to domains, we would expect a positive
difference value in each mixed lipid system in which domains are
known to exist. Six different preparations were tested at 35 °C
where solid-ordered DPPC would be expected against a background
of liquid-crystalline unsaturated lipid (25, 50, or 75% DPPC with
POPC or DOPC). No consistent trends were observed in the sum of dif-
ferences for either POPC or DOPC mixtures (assessed by one-way
analysis of variance, p>0.17 in both cases, n=3 per group), and
values were consistently negative (p=0.004 by one-sample t test,
n=18). When the experiment was repeated for mixtures of DMPC
and DSPC, positive values in the sum of differences were observed,
but only under conditions at which a thermotropic phase transition
was also occurring (data not shown). The lack of a positive value
was not due to failure of Patman to partition into both solid and liquid
domains in these experiments as shown by the emission intensity
spectra in Fig. 2. At temperatures below the phase transition of
DPPC but above those of DOPC or POPC (see 25 °C data in Panels A
and B), the emission intensity spectra were broader than those of
pure DPPC (Panel C). However, they were not reﬂective of pure liquid
membranes (such as those observed at higher temperature), indicat-
ing that, at these domain-inducing temperatures, Patman occupied
both the solid DPPC membrane regions and the liquid DOPC or
POPC regions. Therefore, concurrent partitioning of Patman into dif-
ferent lateral membrane domains is not a reasonable explanation
for more rapid equilibration at 435 nm compared to 500 nm ob-
served at the lipid melting temperature in Fig. 1I.
Anisotropy measurements were used to investigate whether differ-
ences in the equilibration patterns at eachwavelength also represented
differences in motions of the probe. Fig. 3 shows that the anisotropy of
Patman varied across the emission spectrum, suggesting that probe
motion might also vary with emission wavelength. The trend was sim-
ilar at all temperatures, resulting in parallel curves with different aver-
age anisotropies for solid and liquidmembranes. Interpretation of probe
motion from steady-state anisotropy measurements requires consider-
ation of the excited state lifetime of the probe, especially since that life-
time varies across emission wavelengths [3]. Accordingly, we used the
Perrin Equation (Eq. (6)) to estimate expected anisotropy changes if
there were no difference in probe motion among the wavelengths
(i.e., all changes due solely to lifetime). These estimated anisotropy
changes are shown as dotted curves at the highest and lowest temper-
atures in Fig. 3 (gray shading give the range of uncertainty in theestimate as explained in Materials and methods). The deviation be-
tween the dotted curves and the experimental data for Patman indicat-
ed that the differential anisotropy along the spectrum reﬂected greater
probe motion as wavelength increased, regardless of temperature. We
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probe, which would not be true in a lipid bilayer. However, since
probe excited state lifetime would be irrelevant at the other extreme
in which probe motion is completely restricted, the estimates from
the Perrin Equation in Fig. 3 show the most liberal effect of lifetime on
steady-state anisotropy as a function of wavelength. Since the true ef-
fect of lifetime would therefore be smaller than given by the dotted
curves (i.e., the true curves would be more shallow than shown in the
ﬁgure), we concluded with conﬁdence that Patman motion differs
along the emission spectrum.
Fig. 4A displays the time proﬁle for equilibration of Patman anisot-
ropy at 435 and 500 nm with DPPC vesicles at the phase transition
temperature (41.5 °C). The absence of obvious time dependence in
the anisotropy contrasted sharply with the typical equilibration pat-
tern of intensity obtained concurrently as shown in Panel B. Even
though a detectable slope for anisotropy as a function of time was ob-
served at the low temperature studied (25 °C), that slope was always
much less than the average slope for intensity equilibration even
though the two parameters were assayed simultaneously in the
same samples (Panel C: anisotropy=triangles, intensity=squares).Fig. 4. Time dependence of anisotropy and emission intensity measured simultaneously.
(A, B) Patman was added to DPPC MLV at time 0 on the graph. Temperature was
41.5 °C. Anisotropy (A) and total intensity (B) were assessed at 435 (upper data sets in
both panels) and 500 nm (lower data sets) simultaneously (anisotropy from Eq. (4) and
intensity from denominator of Eq. (4)). Data are the mean±SE (n=3). (C) Experiments
like those shown in Panels A and B were repeated at the indicated temperatures, and
the pooled data at 435 nm were ﬁt by linear regression to Eq. (1) for each temperature
(n=2–3 per group). The average slope and estimated SE from the regression were nor-
malized to the corresponding intensity or anisotropy at 800 s to account for differences
in the scales (squares=intensity, triangles=anisotropy). Data were analyzed by
two-way analysis of variance. The effect of measurement type was signiﬁcant:
pb0.0001 and 84% of the variation. The effect of temperature (p=0.24) and interaction
(p=0.12) were not signiﬁcant.Thus, the majority of change in anisotropy from free probe in aqueous
solution (0.078 at 435 nm) to its location in the membrane was very
rapid on the time scale of these experiments (i.e., half time≪10 s).
4. Discussion
The purpose of this study was to examine the kinetics of Patman
equilibration with artiﬁcial membranes and identify what additional
information regarding membrane structure could be learned from
those data. As explained in Introduction, we recently observed that
the time proﬁle of Patman equilibration with cell membranes is com-
plex in two ways: the rate of equilibration differs depending on emis-
sion wavelength, and treatment of the cells with an agent that
induces apoptosis alters the equilibration rates (see accompanying
paper, Ref. [13]). To this end, we attempted to determine the simplest
theoretical explanation for the results and then used that model to
examine the equilibration behavior at various temperatures to pro-
vide a frame of reference for interpreting membrane properties in
living cells.
As shown in Fig. 5, the equilibration data were best described by
the sum of two ﬁrst-order processes (Eq. (1)). Fits to a single expo-
nential gave systematic errors that were particularly obvious in the
GP data (see dashed curve in Fig. 5B; these results were typical of
those observed for the other experimental conditions). The consistent
presence of two kinetic processes in the time proﬁle indicated that
Patman must exist in at least two conﬁgurations in the membrane,
one reﬂecting a more polar microenvironment than the other. This
duplicity for Patman and other naphthalene-derived probes in simple
bilayers is supported by a variety of experimental and theoretical re-
sults and arguments [1,4,8,11]. Most analyses suggest that these two
conﬁgurations reside at different depths in the membrane [1,4,8,11],
which would be consistent with the wavelength dependence of an-
isotropy shown in Fig. 3. However, the possibility that they represent
different stereo-conformations of the probe has also been considered
[11]. Obviously, the ideas that the duplicity signiﬁes different depths
or different conformations do not exclude each other. Although the
continuous differences in motion along the complete emission spec-
trum shown in Fig. 3 suggest a continuum of Patman conﬁgurations
in the membrane distinguishable by wavelengths of emission, we
conﬁned our thinking to two states for sake of parsimony. Since the
emission spectra of Patman are broad, even in a homogenous solvent
that affords a single microenvironment [3], we cannot enumerate the
number of conﬁgurations, we can only say that there are at least two,
and that parameters observed along the emission spectrum would
represent relative contributions of the two or more states weighted
by their ﬂuorescence intensities at each wavelength. Accordingly,
we will treat the remainder of the discussion assuming two microen-
vironments for Patman in pure phospholipid membranes while
acknowledging that there may be more.
It seems unusual that the very slow time dependence observed in
probe equilibration (i.e., halftime of ~10–100 s) would represent slow
physical migration of dye molecules from the aqueous phase into the
membrane. Moreover, the much more rapid equilibration at both 435
and 500 nm of anisotropy relative to intensity suggested that insertion
of the probe into the membrane was fast and therefore preceded the
changes to intensity and emission wavelength. This observation is
consistent with recent molecular dynamics simulations suggesting
that Prodan and Laurdan insert into the membrane very rapidly and
attain a stable locationwithin 10 ns [18]. We also considered the possi-
bility that slow equilibration could represent transbilayer migration of
the probe. This idea is motivated by the observation that depending
on the angle of membrane curvature, the outer and inner leaﬂets of
the bilayer can display different levels of hydration, which would, in
principle, account for the data reported in this paper [19]. For this rea-
son,we compared resultswith single-walled, andmultilamellar vesicles
with radii that differed by an order of magnitude. Since no difference
Fig. 5. Comparison of double and single exponential ﬁts of Patman GP equilibration time courses. Panel A: Data from experiments like that of Fig. 1B were ﬁt to Eq. (1) (solid curves)
with b and d shared for both wavelengths as required by the model (see text). For clarity of presentation, data are ﬁltered to show only data points at 2–20 s intervals rather than
continuously as they were in Fig. 1 (mean±SE, n=7). The curves for GP values (circles) were calculated from the ﬁt curves at 435 (triangles) and 500 nm (inverted triangles) using
Eq. (3). (B) Early time range detail for GP data and ﬁt curves. The dashed curve shows the data calculated from ﬁts of the intensity to a single exponential function (Eq. (1) with
parameters C and d ﬁxed at 0).
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slow equilibration represents slow movement of probe across the
membrane. Moreover, the radii of both vesicle types in this study
were beyond the upper limit at which differential hydration was ob-
served previously [19].
The alternative is that stabilization of the ﬂuorescence actually
represents equilibration of the membrane environment around the
inserted probe. Theoretical calculations demonstrate that if this is
the case, then equilibration of that microenvironment would include
relaxation of at least two inﬂuences: quenching and solvatochromatic
effects (see Appendix A). Recognition of the separation of these two
inﬂuences for these probes has been reported previously [20]. The
obvious candidate for the source of these environmental relaxations
is water embedded in the membrane and/or associated with the
probe. Hence, we propose the following scenario: First, Patman enters
the aqueous phase where water molecules form hydrogen bonds with
the acyl oxygen and possibly the tertiary amine nitrogen on the naph-
thalene ring. Additional waters may be networked to those forming
hydrogen bonds with the probe. When the probe enters the mem-
brane, these hydration waters accompany it. The presence of these in-
troduced waters creates a high energy state in the membrane that
then relaxes as the waters are slowly shed from the probe and re-
stored to their equilibrium distribution relative to the membrane. Al-
though it may seem counterintuitive that waters would leave the
probe on such a slow time scale, the idea is not inconsistent with
the slow rates of hydrogen bond breakage for amino acids embedded
in the hydrophobic interior of a protein [21]. It is also reasonable to
conclude that both the propensity to and rate at which this dehydra-
tion occurs would be different depending on the physical properties
of the membrane and the location of the probe within the membrane.
The source of the solvatochromatic effect is a topic of some discus-
sion and appears to be complex, involving both hydrogen bonding be-
tween water molecules and the acyl oxygen of the probe in addition
to the general solvent reorientation phenomenon around the excited-
state dipole [8–11]. Consensus has not yet been achieved on the details,
and part of the challenge may relate to nuances in the water-probe in-
teractions experienced by different acyl-dimethylamino-naphthalene-
derived probes (Patman, Laurdan, and the more prominently-studied
Prodan). Although many studies appear to focus on a single charge
transfer excited state for these probes [3,9,11], a local excited state
with an emission maximum at shorter wavelengths compared to that
of the charge transfer state has also been identiﬁed. The interpretation
of this evidence is that polar environments induce emission primarily
from the charge transfer state although nonpolar environments favor
emission from the higher-energy local excited state [20,22–25].
The quenching effect of water is less understood. One possibility is
a network of water molecules connected through hydrogen bondsthat provide an alternative pathway of interactions allowing non-
radiative relaxation of the excited state [10,20,26]. Formation of
probe dimers in water resulting in self-quenching has also been pro-
posed, at least for Prodan [10]. It seems unlikely that such could ac-
count for the slow increase in ﬂuorescence intensity demonstrated
in Fig. 1 since there was no accompanying change in probe anisotropy
values (Fig. 4). A third possible explanation for a distinct population
of water responsible for the quenching effect is hydrogen-bonding
to the electron pair on the tertiary amino group on the naphthalene
ring. That hypothetical interaction would interfere with probe excita-
tion as a static quencher since the hydrogen bondwould not persist in
the excited charge transfer state [27]. The problem with that idea is
that it might predict increased emission from the local excited state
instead of quenching.
Regardless of whether equilibration of Patman ﬂuorescence repre-
sents adjustment of the probe into its equilibrium conﬁguration in
the membrane or relaxation of the probe's microenvironment, addi-
tional information regarding membrane dynamics is obtained from
the kinetics that is not accessible from end-point measurements.
This information can be extracted using Eq. (1). The arbitrary param-
eters from Eq. (1) (A, b, C, d) have physical meaning in terms of the
two probe conﬁgurations. For the purposes of this discussion, the
two conﬁgurations will be referred to as “fast” or “slow” based on
the rate at which each relaxes to apparent equilibrium. The rate con-
stants b (fast) and d (slow) relate directly to the equilibration rates as-
sociated with each conﬁguration and have the same values at both
435 and 500 nm. In contrast, the scalars A and C have more complex
meanings relative to the two conﬁgurations and differ in magnitude
depending on emission wavelength:
A435 ¼ 1−Pslowð Þ f 435;fastIfast−F435
 
ð7Þ
A500 ¼ 1−Pslowð Þ 1−f 435;fast
 
Ifast−F500
h i
ð8Þ
C435 ¼ Pslow f 435;slowIslow−F435
 
ð9Þ
C500 ¼ Pslow 1−f 435;slow
 
Islow−F500
h 
ð10Þ
Pslow is the fraction of probe in the “slow” conﬁguration at equilibrium;
f435,fast and f435,slow are the fractions of ﬂuorescence from probe in the
“fast” and “slow” conﬁgurations observed at 435 nm, and Ifast and Islow
are the total intensity of the probe (435 nm+500 nm) at each of the
two conﬁgurations. F435 and F500 are the intercepts from the ﬂuores-
cence time courses as in Eq. (1).
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of nonlinear regression with Eq. (1) because there are ﬁve unknowns
among the four equations. We therefore simpliﬁed the analysis by as-
suming that the total intensity of Patman is the same at equilibrium
regardless of its conﬁguration in the membrane (i.e., Ifast= Islow, des-
ignated IT in Eq. (11) below). This assumption appeared reasonable
based on quantitative assessment of spectral data such as that
shown in Fig. 2; the integrated (non-normalized) intensity at each
experimental condition was similar regardless of the wavelength of
maximal emission (ratio of intensity for membrane in gel phase to
that in liquid-crystalline phase: 1.14±0.05, p=0.1, n=3). With
that simpliﬁcation, all unknown model parameters can be calculated
with unique values from the regression ﬁts of the data to Eq. (1) as
follows:
IT ¼ A435 þ A500 þ C435 þ C500 þ F435 þ F500 ð11Þ
Pslow ¼
C435 þ C500
A435 þ A500 þ C435 þ C500
ð12Þ
f 435;fast ¼
A435 A435 þ A500 þ C435 þ C500ð Þ þ F435 A435 þ A500ð Þ
IT A435 þ A500ð Þ
ð13Þ
f 435;slow ¼
C435 A435 þ A500 þ C435 þ C500ð Þ þ F435 C435 þ C500ð Þ
IT C435 þ C500ð Þ
ð14Þ
Analysis of the data in Fig. 5 with Eqs. (1) and (11)–(14) provides
insights into the meaning of the different equilibration patterns as a
function of temperature. The results are summarized in Fig. 6. The
rate constants b and d are not shown but generally increased with
temperature, especially for lipids in the liquid-crystalline phase
(both rates were ~3- to 4-fold higher in the liquid compared to gel
state).
The fraction of probe in the “slow” conﬁguration did not change in
a consistent systematic fashion with either temperature or lipid type
(Fig. 6A). In contrast, reproducible changes in the fraction of probe
emitting at 435 nm as a function of temperature occurred for both
the “fast” and the “slow” conﬁgurations of the probe (Fig. 6B and C).
In both cases, the apparent polarity of the probe's environment in-
creased with temperature (reduced fraction emitted from 435 nm)
as expected, but the temperature at which the change in polarity oc-
curred differed between conﬁgurations. In the “fast” conﬁguration
(Fig. 6B), the apparent polarity changed at temperatures above theFig. 6. Parameter values from model ﬁts of equilibration data. The analysis of Fig. 5 was
repeated for comparable data obtained with DMPC (triangles), DPPC (squares), and
DSPC (inverted triangles) at the temperatures used in Fig. 1 to put these lipids in their cor-
responding gel phase, transition, or liquid-crystalline phase (18, 30, and 60 °C were used
for DMPC; see text for rationale).Model parameter valueswere calculated by inserting the
ﬁtting parameters A, b, C, d, and F determined with Eq. (1) into Eqs. (11)–(14): Pslow (A),
f435,fast (B), and f435,slow (C). Errorswere estimated by recalculating each parameter in Eqs.
(11)–(14) using all permutations of the ﬁtting parameters at the extremes of their 95%
conﬁdence intervals obtained in the nonlinear regression.phase transition, whereas in the “slow” conﬁguration, the change
occurred at the phase transition (Fig. 6C).
For lipids in either the gel or liquid-crystalline phases, the “fast” con-
ﬁguration of the probe corresponded to a microenvironment that was
more polar than the “slow” conﬁguration. This conclusion is based on
the observation of a negative value for the sum of differences shown
in Fig. 1 (i.e., equilibrationwas faster at 500 nm, thewavelength associ-
atedwith a polarmicroenvironment). Based on observations of parallax
quenching experiments and computer simulations, the “slow” conﬁgu-
ration probably relates to Patman located at a position slightly deeper
(~0.5 Ǻ) in the membrane compared to the “fast” conﬁguration [1].
This proposed difference in depth is very small, however, and therefore
seems unlikely to account fully for the differences in kinetic and
steady-state properties between the two conﬁgurations. In fact, the
unusual data at the phase transition of DPPC and DSPC and the
low-temperature end of the liquid-crystalline phase of DMPC, empha-
sizes that the complete explanation must be more complex.
A clue to understanding the data at or near the phase transitionmay
be found in the differential effects of temperature on the apparent po-
larity of Patman's environment at the two conﬁgurations shown in
Fig. 6. At the phase transition (or 30–37 °C for DMPC), the polarities of
the two conﬁgurations were switched, with the “slow” microenviron-
ment polarity greater than that of the “fast” microenvironment. The
reason for this shift is not known but is likely to reﬂect the differences
in structure of Patman compared to other naphthalene-based probes,
i.e., the positively-charged trimethylammonium group at the head
and the 16-carbon tail. Both of these structural elements will tend
to anchor Patman in the membrane, but in different ways. The
trimethylammonium will anchor to the headgroups, presumably
attracted to the negative charges of the phospholipid phosphates. In
contrast, the tail would anchor the probe through interactions with
the phospholipid acyl chains. If the “fast” conﬁguration represents
Patman molecules anchored to the phosphates, then phospholipids in
the immediate environment of those Patmanmolecules would stabilize
in the gel-phase conformation and thus melt at a slightly higher tem-
perature. Alternatively, if Patmanmolecules in the “slow conﬁguration”
are less inﬂuenced by electrostatic interaction with the heads, then the
natural tendency of an inserted molecule to lower the phase transition
would be less opposed by headgroup stabilization. Hence, at the phase
transition, lipids surrounding Patman molecules in the “slow” conﬁgu-
ration would experience greater exposure to water than those adjacent
to probes in the “fast” conﬁguration,which are still displaying the status
of a gel-phase environment. With an uncharged analogous probe such
as Laurdan, the condensing effect on lipid heads would not be expected.
In fact, we found in experiments analogous to those of Fig. 1 that
Laurdan displayed more rapid equilibration described adequately by a
single exponential without anomalies at the phase transition (Fig. 1I).
Apparently, this hypothetical condensing effect of Patman on its im-
mediate environment has a greater inﬂuence on the behavior of phos-
pholipids with shorter acyl chains, such as DMPC. Hence, the anomaly
in the equilibration pattern occurred at temperatures somewhat
above the phase transition and well into the liquid-crystalline phase
(up to 30 °C). This difference between DMPC compared to DPPC and
DSPC may make sense because the headgroups constitute a larger pro-
portion of the phospholipid molecule in DMPC. Thus, Patman's inﬂu-
ence on the headgroups of neighboring phospholipids would be
proportionally greater. Accordingly, the effect of the “slightly higher”
melting temperature pertaining to phospholipids associated with
Patman in the “fast” conﬁguration described above would extend to
lipids in the liquid-crystalline phase until the enhanced molecular
motions at higher temperatures counterbalance the condensing effect.
We also note that the length of Patman is greater than the length of
DMPC but not than DPPC or DSPC; it is possible that this effect also
contributes to this minor difference observed with DMPC.
In summary, we have shown that monitoring the equilibration of
Patman with the membrane can provide additional information not
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steady-state measurements give an estimate of the relative polarity
of the membrane microenvironment exposed to the probe, quantita-
tive evaluation of the equilibration kinetics report on several other
parameters: the polarity of two microenvironments occupied by the
probe, the distribution of the probe among those microenvironments,
and the kinetics with which the probe and each of the two micro-
environments relax to equilibrium (see summary of ﬁndings in
Scheme 1). The value of these kinds of experiments is that they can
be applied to living cells. As shown in the accompanying paper, we
were able to reach a speciﬁc unambiguous conclusion about effects
of apoptosis on membrane structure and relate it to a molecular
mechanism for controlling enzyme activity at the membrane surface
[13]. We have provided a simple model that can be used as a theoret-
ical context for analyzing and interpreting such results. Because of its
complex equilibration kinetics, Patman appears capable of providing
a greater level of detail compared to Laurdan. This beneﬁt of Patman
complements its utility as a plasma membrane-speciﬁc probe [13].Appendix A
The model shown in Discussion was generic in the sense that it
contained only the minimum of what was required to give reasonable
ﬁts of the kinetic data at the two wavelengths, i.e.: twomembrane con-
ﬁgurations of the probe, an equilibration rate for each conﬁguration,
and a steady-state environmental description (relative to the emission
spectrum) for each. Using this type of model created a system simple
enough to extract information by nonlinear regression. However, addi-
tional calculations suggested that more information, especially relating
towater dynamicswith amembrane-embedded probe, may be gleaned
from the kinetic data if two assumptions aremade. The ﬁrst assumption
is that the probe binds to themembrane faster than the time scale of the
experiments. This assumption was suggested by the very different time
scales of the anisotropy and intensity data summarized in Fig. 4. The
second is that all the time dependence in the observed ﬂuorescence is
due to re-adjustment of water molecules that initially hydrate the
probe as it inserts into the membrane. These and other model assump-
tions described in the main text are formalized as follows:
1. The probe partitions immediately and strongly into the membrane
such that the concentration of free probe is negligible at all time
points (on the time scale resolution of seconds).
2. The probe exists in two conﬁgurations (probeA, probeB) in the
membrane (whether these conﬁgurations represent conforma-
tions of the probe or locations in the membrane is not deﬁnedScheme 1. Summary of equilibration pattern for Patman.or required by the model). Given the previous assumption,
probeB=1−probeA.
3. The observed time course of ﬂuorescence equilibration involves
two dynamic processes detectable on the time scale of seconds
and which may follow different kinetics at each membrane conﬁg-
uration of the probe.
4. One of these dynamic processes quenches probe emission intensi-
ty (QA, QB, ﬁnal boundary values: QA(∞), QB(∞); initial boundary
values assumed to be equal to 1.0, conveying maximum initial
quenching).
5. The other dynamic process affects the wavelength of probe emis-
sion (λA, λB, boundary values of λA(0), λB(0), and λA(∞), λB(∞)).
6. Each dynamic process relaxes with simple ﬁrst-order kinetics (kqA,
kqB, kλA, kλB).
The relevant equations are as follows (standardized to maximum
relative values of 1.0):
QA ¼ 1−QA ∞ð Þ
 
e−kqAt
 
þ QA ∞ð Þ ð1Þ
QB ¼ 1−QB ∞ð Þ
 
e−kqBt
 
þ QB ∞ð Þ ð2Þ
λA ¼ 1−λA ∞ð Þ
 
e−kλAt
 
þ λA ∞ð Þ ð3Þ
λB ¼ 1−λB ∞ð Þ
 
e−kλBt
 
þ λB ∞ð Þ ð4Þ
ITA ¼ Iaq þ 1−QAð Þ 1−Iaq
 
ð5Þ
ITB ¼ Iaq þ 1−QBð Þ 1−Iaq
 
ð6Þ
IA435 ¼ ITA f 435;þH2OλA þ f 435;−H2O 1−λAð Þ
h i
ð7Þ
IB435 ¼ ITB f 435;þH2OλB þ f 435;−H2O 1−λBð Þ
h i
ð8Þ
IA500 ¼ ITA 1−f 435;þ H2O
 
λA þ 1−f 435;−H2O
 
1−λAð Þ
h i
ð9Þ
IB500 ¼ ITB 1−f 435;þH2O
 
λB þ 1−f 435;−H2O
 
1−λBð Þ
h i
ð10Þ
I435 ¼ IA435probeA þ IB435 1−probeAð Þ ð11Þ
I500 ¼ IA500probeA þ IB500 1−probeAð Þ ð12Þ
The intensity of the probe and the fraction of its ﬂuorescence emit-
ting at 435 nm (compared to 500 nm) when completely hydrated
(Iaq and f435,+H2O), as well as the fraction of probe emission at
435 nm in the absence of polar inﬂuence (f435,–H2O), were deter-
mined from independent measurements and therefore ﬁxed in all
calculations of the model (0.1, 0.9, and 0.219). Also, to simplify, we
set QA(∞) and QB(∞) equal to 0. This simpliﬁcation was justiﬁed by
the fact that intensity data were normalized in order to aggregate
experimental trials and because the total intensity in blue-shifted
and red-shifted spectra did not differ signiﬁcantly (see Fig. 2 and
associated text).
Fig. A1 demonstrates the ability of the model to reconcile quantita-
tively the basic observations from Fig. 1 with Patman. Parameter values
were identiﬁed ﬁrst for the low temperature data (Fig. A1A) by system-
atic variation of model parameters and quantitative comparison to the
experimental data. Table A1 summarizes the impact of variation of pa-
rameters on the time proﬁle calculated with the model. Parameter
values for the other temperatures (Fig. A1B and C) were then identiﬁed
by systematically perturbing the values used in Panel A. Panels D–F
summarize the adjustable parameter values that were used to produce
Fig. A1. Quantitative comparison of detailed model to Patman equilibration data with DPPC vesicles below (25 °C, A), at (41.5 °C, B), and above (60 °C, C) the main phase transition
The data of Fig. 1, A–C were reconciled with the detailed model by systematically varying model parameters using Eqs. (A1)–(A12). For clarity of presentation, data are ﬁltered to
show only data points at 20 s intervals rather than continuously as they were in Fig. 1 (mean±SEM, n=3–8). The curves for GP values (red) were calculated from the curves at 435
(blue) and 500 nm (green) using Eq. (3). (C–F) parameter values associated with the curves of (A–C) as indicated.
885H. Franchino et al. / Biochimica et Biophysica Acta 1828 (2013) 877–886the results in Panels A–C. As with the regressions of the general model
described in the main text, the fraction of probe in conﬁguration B
(violet, Panel D) was similar at all temperatures and in the vicinity of
0.6–0.7. The water molecules associated with the solvatochromatic ef-
fect at conﬁguration A (green, Panel D) increased only above the
phase transition temperature,whereas those associatedwith conﬁgura-
tion B rose at the phase transition (red and blue, Panel D), consistent
with the interpretation given with the general model in the main text.
Interestingly, the rates of equilibration of waters associated with the
solvatochromatic effect (black, Panels E and F) appeared maximal at
the phase transition temperature; whereas those associated with
quenching were maximal at temperature above the phase transition
(red, Panels E and F).
The analysis methods used to produce Fig. A1 cannot guarantee
unique solutions, and the values of parameters that produced the curves
in theﬁgure should therefore not be over-interpreted. Nevertheless, the
calculations did allowus to determinewhether themodelwas adequate
to describe the data. Furthermore, the results summarized in Table A1
indicate that most of the parameters control unique aspects of the
data and that major ambiguities in parameter values probably do not
exist. Before using this model, we considered whether simpler versions
would be sufﬁcient. Our reasoning for expanding to this more complexTable A1
Effect of varying parameters from the detailed model on intensity and GP curves.
Parameter Dominant effecta
λA(0) GP early values
λB(0) GP early values
λA(∞) Average value of the entire 500 nm curve along the ordinate axis
λB(∞) Average value of the of the latter half of the 500 nm curve along the
ordinate axis
kqA Position of early part of both intensity curves along the abscissa
kqB Curvature of the late part of both intensity curves
kλA Position of the early part of the GP curve along the abscissa
kλB Curvature of the late part of the GP curve
ProbeA Relative proportions of fast and slow components to both intensity
and GP curves
a Assuming equilibration of A is faster than B..model was as follows: Simple bindingmodels in which the time depen-
dence reﬂects slowmigration of the probe from the aqueous phase into
themembranewere judged insufﬁcient because the anisotropy data did
not parallel the time dependence of the emission intensity (Fig. 4).
Therefore, the time dependence must reﬂect relaxation of the probe's
membrane environment after the dye enters the bilayer. Since probe
ﬂuorescence intensity increases during equilibration, a quencher
must be migrating away from the bound probe. Since the spectrum
(represented byGP) changes on a different time scale from the intensity
at either wavelength, the solvatochromatic effect must follow a differ-
ent process from quenching, a distinction proposed previously [20].
Hence, two kinetic processes of environment relaxation (designated Q
and λ) were required for the model. Two endpoint environments
(A and B) were also included because of the wavelength dependence
of anisotropy in Fig. 3 and because of the numerous reports that Patman
and Laurdan reside in more than one spatial and/or conformational
conﬁguration in single-component membranes [1,11]. Moreover, the
presence of multiple endpoints is consistent with the complex kinetics
(more than one exponential function) apparent in the ﬂuorescence
time proﬁles (Fig. 5).
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